Abstract: An all-optical orthogonal frequency-division multiplexing (OFDM) demultiplexer based on silicon-on-insulator (SOI) waveguide technology is proposed and experimentally demonstrated. Such an integrated structure performing a discrete Fourier transform (DFT) not only has the advantages of a smaller volume and better stability but can also handle more optical subcarriers by increasing the number of the cascaded MachZehnder interferometer (MZI) stages. An SOI-based eight-channel OFDM demultiplexer has been successfully fabricated with a free spectrum range (FSR) of approximately 64 GHz. Eight-subcarrier optical OFDM signals with non-return-to-zero (NRZ) formats are successfully detected by the proposed demultiplexer after a 30-km fiber-link transmission. The total modulation speed is 64 Gbaud, and the bit error rate (BER) performance of each subcarrier is also measured.
Introduction
The optical orthogonal frequency division multiplexing (OFDM) technique has been widely investigated in many applications because of its high spectral efficiency and large tolerance for fiber impairments induced by chromatic dispersion (CD) and polarization mode dispersion (PMD) [1] - [4] . However, many approaches largely depend on electronic processing devices, which will present a bottleneck to further provide higher capacity and lower cost implementations. The maximum transmission capacity is limited by the speed and the power consumption of the digital to analog conversion (DAC)/analog to digital conversion (ADC) and digital signal processing (DSP) [4] . Currently, the real-time single-carrier capacity of the optical OFDM system has difficulty exceeding the T-bit level [5] . Consequently, realizing the corresponding functions with all-optical devices is inevitably emerging.
Generating an all-optical OFDM signal by performing a Fourier transform in the optical domain has the virtues of high speed, large bandwidth, and modulation format transparency. A novel method for all-optical OFDM signal generation with optical cyclic postfixes (OCPs) using optical fast Fourier transform (FFT) filters based on fiber Bragg gratings (FBG) is proposed in [6] . A specially designed AWG with a two-slab coupler connected by an array of waveguides can produce and detect OCDMA codes with Fourier coding, which is equivalent to OFDM symbols [7] . Hillerkuss et al. proposed a practical optical FFT scheme in [8] , and a real-time alloptical Fourier transform (OFT) receiver enabling a line rate of 10.8 Tb/s and 26 Tb/s is demonstrated with cascaded delay interferometers (DIs) and high-speed optical gates in [9] and [10] . The latter uses cascaded phase and time delay units to realize the discrete Fourier transform (DFT), but this structure is based on discrete devices. As the number of DFT points increases, the complexity and power consumption of the system also increase, and the stability decreases. The optical DFT based on integrated optical circuits has the merits of flexible tunability, reconfigurability, lower power consumption, smaller volume and better stability. Recently, some integrated DFT devices have been reported [11] - [19] . Cincotti initially proposed a passive planar architecture for a DFT with hybrids [11] . Lowery proposed arrayed-waveguide grating routers for an optical OFDM de-multiplexer [12] . Kang et al. [13] , [14] and Takiguchi et al. [15] proposed all-optical DFT devices based on the N*N multimode interference (MMI). A novel DFT circuit based on a serial-parallel filter structure realized by cascaded Mach-Zehnder interferometers (MZIs) with M-port MMI couplers is presented [16] - [18] . A 16-channel optical OFDM demultiplexer in silicon-on-insulator (SOI) is designed, but the performance of only one port is presented to demonstrate its feasibility [19] .
In this paper, an eight-channel OFDM de-multiplexer is realized with a three-stage cascaded MZI structure. It is applied in an all-optical OFDM system, and the bit error rate (BER) performance of the eight channels is also measured.
Device Design and Simulation
A schematic diagram of the proposed OFDM de-multiplexer is shown in Fig. 1 . In our design, the structure combines three-stage cascaded MZIs, and adjacent stages of the MZIs are connected by a directional coupler. The differential path length of each stage MZI has a certain design. The first stage has the longest length, the second stage has a length half of that of the first stage and the third stage has a length half of that of the second stage. On one arm of each stage MZI, there is a phase shifter, which is used to tune the phase difference between the two arms. With the specific phase difference on each stage MZIs as shown in Fig. 1 , the eight channel outputs would be the de-multiplexed OFDM signal in eight different carriers. The transfer matrix method is adopted to derive the transfer function of the device. The transfer function of the first path is shown in (1), shown below, and the other paths are similar to this:
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Àði À1Þ ÁL=2 is the inherent loss induced by the silicon waveguide delay line, where is the waveguide power attenuation coefficient; is the propagation constant along the waveguide; and ' i is the phase difference between the two arms. To minimize the passband loss, the coupling ratios are set to be 0.5 [20] . Based on this structure, an all-optical DFT process with an 8-point DFT is realized, and the 8-channel output spectra are shown in Fig. 3 (a) with the simulation parameters listed as follows. The longest delay in the first stage is 62.5 ps, the second stage is 31.25 ps and the third stage is 15.625 ps. The coupling ratios of the directional couplers are all 0.5. The phase difference between the two arms of each MZI is presented in Fig. 1 .
Fabrication and Device Test
The proposed all-optical OFDM de-multiplexer is fabricated by the SOI waveguide technology provided by LETI by considering the current-fabrication tolerance, phase-matching requirement and insertion loss, as shown in Fig. 2(a) . The SOI platform applied is based on a 220-nm-thick silicon layer on top of a 2-m buried-oxide layer using 193 nm DUV lithography. The width and height of the etched silicon strip waveguide are 450 nm and 220 nm, respectively. The gap between the two waveguides of the directional coupler is 200 nm, and coupling length is approximately 10 m. The loss of the waveguide is approximately 3 dB/cm. The heaters and electrical contact pads consist of Ti/TiN. The heaters are deposited on a buried channel waveguides by means of 600 nm thick silica layer. The GDS screenshot of the chip is shown in Fig. 2(a) . The width and height of the device are 3.5 mm and 1 mm, respectively. The phase shifters are realized by the micro heaters covered on the upper arms of the MZIs. Because of inevitable process errors, phase mismatching and insertion loss, numerous micro-heaters covered on the isolation oxide layer are designed to optimize the spectral response.
The device parameters are designed as follows. As the modulation speed of each subcarrier is designed to be 8 Gbaud, the symbol period is 125 ps. The time delay of the first stage MZI is half of the symbol period, and the time delay of the latter stage is half that of the former stage. Therefore, the time delays of the three stages are 62. By independently tuning the micro heaters covered on the MZI arms, we can achieve phase matching between different stages, and the amplitude and phase response of the device measured by an optical vector analyzer (OVA, LUNA) are shown in Fig. 2(b) . The experimentally measured results mostly agree with the simulation results, as seen in Fig. 2(b) , in which the extinction ratio is more than 10 dB. However, there are not seven nulls in the measured results, which would partly decrease the suppression ratio of the adjacent carriers and impact the performance of the de-multiplexing of the OFDM signal. The extinction ratio of the measured results is slightly decreased, mainly because of the fabrication error and mismatching between different MZI stages. The fabrication error, including characteristics such as the feature size and propagation loss of the waveguiding structure, may be not identical to that of our designed ones because of the limitation of the current SOI technology, which would deteriorate the performance of the fabricated device. Considering the inevitable technological fabrication tolerance, micro-heaters covered on the isolation oxide layer are employed to tune the effective parameters of the device to modify the filtering response of the device. The phase mismatching between different MZI stages can be optimized by changing the phase shifters on one arm of the MZIs. However, as the coupling ratios of the directional couplers in our device cannot be changed and the coupling ratios are not exactly 50 : 50, the loss difference between the two arms of the MZIs cannot be compensated. Vertical coupling based on a grating coupler is used to couple light from the single mode fiber to the silicon waveguide, where the fiber to waveguide loss is approximately 10 dB and the insertion loss of the filter itself is approximately 9 dB. Because the silicon waveguide and the coupling rate of the grating couplers are both polarization sensitive, a polarization controller (PC) has to be used to control the light polarization before light coupling into the chip. As the devices are temperature sensitive and because of the high thermal-optical coefficient of the silicon, a thermoelectric cooler (TEC) is adopted to maintain the temperature of the chip with a resolution of 0.1°C, so the environmental temperature's fluctuation has less impact on the performance of our device.
The simulated transmission spectrum response is shown in Fig. 3(a) . The measured spectrum responses of the eight channels are shown in Fig. 3(b) , with almost no adjustment of the phase shifters between the spectral measurements for different channels. It is demonstrated that all spectral responses of the eight channels are within an FSR. As seen in Fig. 3(b) , the shapes ofchannels 1, 2, 3, and 4 are same as the simulation results, while the shapes of channels 5-8 are wider than the simulation results. This is mainly because the coupling ratios of the directional couplers in the device are not ideally 50 : 50, which results in an unbalanced power distribution to the two arms of the MZIs. As seen in Fig. 3(b) , when the coupling ratios are approximately 0.32 : 0.68, the filter response for channels 1-4 and channels 5-8 agree with the experimentally measured response. Such an unbalanced power distribution exists because the unbalanced directional coupler could not be compensated by adjusting the phase shifters on one arm of each MZI. This problem can be solved by optimizing the coupling ratio of the coupler or introducing tunable couplers with a smaller insertion loss, as has been discussed in [21] so that the optical power in the two arms of the MZIs can be optimized to achieve the desired response.
Application in OFDM De-Multiplexing
In the experiment, an OFDM de-multiplexing module utilizing the proposed three-stage MZI-based de-multiplexer as a key component for optical DFT processing is shown in Fig. 4 .
The modulation speed of pseudo-random bit sequence (PRBS) is 8 Gbaud with an NRZ format. The length of the PRBS sequence is 127. A continuous wave (CW) with a center wavelength of approximately 1550 nm is sent into a phase modulator (PM) to generate a frequency comb, which is modulated by a strong local oscillator (LO). Then, it is sent into an intensity modulator (AM) to smooth the frequency comb to make the amplitude variation between different subcarriers less than 3 dB. The LO frequency is 8 GHz, and therefore, the frequency interval between adjacent subcarriers is 8 GHz.
The frequency comb, shown in Fig. 5(a) , is then amplified by an Erbium doped fiber amplifier (EDFA) and divided into odd and even frequency combs to be modulated by different PRBS data. Then, the two parts are combined together to generate all-optical OFDM signals, as shown in Fig. 5(b) . The optical OFDM signal passes through a 30 km standard single mode fiber (SSMF) and is then sent into an EDFA to obtain the appropriate power for de-multiplexing. A PC is set before the signal is coupled onto the SOI de-multiplexer to maintain the transverse electric (TE) mode for a better coupling loss of the grating couplers. Because of the wellcontrolled spectral response, the processor can precisely de-multiplex the corresponding subcarrier. Then, the de-multiplexed subcarriers are detected by a photo detector (PD) with a trans-impedance amplifier (TIA) to restore the PRBS signal. The de-multiplexed spectrum of the first subcarrier, shown by the red line, compared to the corresponding spectrum response is shown in Fig. 6(a) . It is obvious that the entire optical OFDM signal is within the FSR, and subcarriers 2-8 are effectively suppressed. The signal-to-noise ratio (SNR) is more than 10 dB.
To investigate the performance of the proposed SOI de-multiplexer, the BER measured by a pulse pattern generator (PPG, Anritsu MP1710B) for both the back-to-back and after-30-km single-mode fiber transmissions are shown in Fig. 6(b) , and they are all far below the forward error correction (FEC) limit. The power penalty is approximately 2 dB after transmission, which is mainly because of the transmission loss and chromatic dispersion of the optical fiber. In theory, we do not need to adjust the filter phase shifters during the BER measurements, as long as the environment is stable and the shape of the filter does not change. During a long time measurement, we would slightly adjust the phase shifter to maintain the optimized performance, which would be influenced by the environment's fluctuation. As the total input power into the MZI-based OFDM de-multiplexer is lower than 3 dBm and the insertion loss of grating coupler is nearly 10 dB, the power into the de-multiplexer is approximately −7 dBm, and the nonlinear effect impact on our de-multiplexer is negligible.
Conclusion
An all-optical OFDM de-multiplexer based on the integrated SOI DFT module is theoretically simulated and experimentally demonstrated. This module combines a three-stage MZI and a micro-heater-based phase shifter. All-optical OFDM with 8 orthogonal channels are successfully transmitted and demultiplexed by this device. The BER curves of the 8-subcarriers are measured, which demonstrates the effectiveness of the proposed all-optical DFT de-multiplexer. This type of integrated SOI DFT module will highly simplify the structure of all-optical OFDM receivers.
